into signals that can greatly impact the survival of an organism. These systems 2 are thus under heavy selective pressure, including for the most efficient use of 3 energy to support their sensitivity and efficiency 1 . In this regard, the 4 vertebrate photoreceptor cells face a dual challenge. They not only need to 5 preserve their membrane excitability via ion pumps by ATP hydrolysis 2 but 6 also maintain a highly membrane rich organelle, the outer segment, which is 7 the primary site of phototransduction, creating a considerable biosynthetic 8 demand. How photoreceptors manage carbon allocation to balance their 9 catabolic and anabolic demands is poorly understood. One metabolic feature 10 of the retina is its ability to convert the majority of its glucose into lactate 3,4 11 even in the presence of oxygen. This phenomenon, aerobic glycolysis, is found 12 in cancer and proliferating cells, and is thought to promote biomass buildup to 13 sustain proliferation 5,6 . The purpose of aerobic glycolysis in the retina, its 14 relevance to photoreceptor physiology, and its regulation, are not understood. 15
treatments e.g. with iodoacetate 12 . The Warburg effect exemplifies an elaborate set 47 of metabolic strategies adopted by a cell to preferentially promote glycolysis 5,6 . One 48 drawback of inhibiting glycolytic enzyme activity to ascertain its role in the 49 functions of the retina is that such a manipulation does not differentiate between 50 aerobic glycolysis and housekeeping glycolysis--a pathway critical for most cell 51 types. 52 53
Studies conducted on retinal tissue in vitro indicate that isolated mammalian 54 photoreceptors can consume lactate, which can be produced by glycolysis in retinal 55
Mueller glia 13 . Thus the decreased photoreceptor function after whole retinal 56 glycolytic enzyme inhibition could be a non cell--autonomous effect on Muller glia. 57
Though many features of the "lactate shuttle" and its in vivo relevance have recently 58 been questioned 14 , it is important to devise an experimental strategy that would be 59 able to discern the cell--autonomous versus non--autonomous requirement of 60 glycolysis for the photoreceptors. 61 62 We first examined lactate production from the retina and assayed the 63 metabolic consequences of inhibiting aerobic glycolysis. Lactate is produced by 64 reduction of pyruvate, a reaction catalyzed by lactate dehydrogenase (Ldh) 65
(Extended Data Fig. 2a ). Freshly isolated retinae were cultured in the presence or 66 absence of sodium oxamate--an Ldh inhibitor. These were subsequently transferred 67
to buffered Krebs'--Ringer's medium that has glucose as the sole source of carbon 68 (see Methods), and lactate secretion was quantified (Fig. 1a ). The extracellular 69 secreted lactate was measured because it represents the pyruvate--derived carbons 70
that are diverted away from other intracellular metabolic processes or the 71 mitochondria. In addition, the ATP levels were monitored and, surprisingly, the 72 steady state levels of ATP in oxamate--treated retinae did not differ from the control 73 retinae (Fig. 1b ). This could be due to a relatively minor glycolytic contribution to 74 the total ATP pool, a compensatory metabolic realignment towards mitochondria--75 dependent ATP production or adenylate kinase--dependent ATP synthesis. To 76 differentiate among these possibilities, explants were cultured in oxamate or control 77 conditions followed by a short treatment with NaN3 to inhibit mitochondrial ATP 78 synthesis ( Fig. 1b ). Control retinae displayed ~50% reduction in ATP levels after 79 incubation in NaN3. Interestingly, oxamate--treated retinae displayed a further 20% 80 decrease in ATP after exposure to NaN3. Thus, inhibiting lactate synthesis resulted 81 in a greater fraction of the ATP pool that was sensitive to mitochondrial function. 82 83
Next, we wanted to ascertain if photoreceptors produce or consume lactate. 84
As a first step, the expression of the Ldh subtypes was examined. Ldh is a tetrameric 85 enzyme composed of Ldha and Ldhb subunits encoded by the LDHA and LDHB genes 86 respectively. The subunits can assemble in five different combinations with differing 87 kinetic properties 15, 16 (Extended Data Fig.  2b) . A tetramer of all Ldha subunits has 88 high affinity for pyruvate and a higher Vmax for pyruvate reduction to lactate. In 89 addition, many glycolytic cancers have elevated LDHA expression 17,18 . On the 90 contrary, an all--Ldhb tetramer is maximally active at low pyruvate concentrations, is 91 strongly inhibited by pyruvate and is expressed in tissues using lactate for oxidative 92 metabolism or gluconeogenesis 15 . We examined the expression of Ldha and Ldhb 93 subunits in the retina by immunohistochemistry (IHC) ( Fig. 1c ). Photoreceptors  94  showed strong expression of Ldha, particularly with respect to the other retinal cell  95 types. Ldhb was abundantly expressed in the cells of the inner nuclear layer (INL),  96 which includes interneurons and Mueller glia. Expression analysis of transcripts of 97 LDHA and LDHB genes by in situ hybridization (ISH) (Fig.  1d ) confirmed that LDHA 98 is enriched in the photoreceptors, whereas LDHB is excluded. This was also 99 confirmed by qRT--PCR analysis of LDHA and LDHB transcripts in isolated rod 100 photoreceptor cDNA (Extended Data Table 1 ). We conclude that photoreceptors 101 have predominantly Ldha--type subunits. 102 103
We also assessed the ability of the retina to secrete lactate after treatment 104
with the Ldha--specific inhibitor, FX--11 19 . FX--11 significantly reduced lactate 105 secretion ( Fig. 1e ). Similar to oxamate, FX--11 also resulted in an increased 106 percentage of ATP that was sensitive to azide inhibition ( Fig. 1f ). To investigate if 107 photoreceptors produce lactate in an LDHA--dependent manner, mice with a 108 conditional allele of LDHA 20 , (LDHA fl/fl ) ,were used. The specificity and efficiency of --109
Cre recombinase under control of the rhodopsin regulatory elements (Rod--cre) 21 110
were first tested, which showed that only rod photoreceptors had a history of cre 111 expression (Extended Data Fig.  2c,  d ). The recombination efficiency varied between 112 ~5 0%--90% of photoreceptors among different retinae. The Rod--cre/LDHA fl/fl 113 retinae were examined for Ldha protein, which showed a significant reduction 114 (Extended Data Fig. 2e ). A compensatory expression of LDHB in photoreceptors was 115 not detected (Extended Data Fig. 2f ). Lactate production in these retinae was 116 examined and was found to be significantly reduced ( Fig.  1g ). Thus photoreceptors 117 produce lactate in an LDHA--dependent manner. 118 119
In order to assess if reduction in LDHA created a cellular phenotype in 120 photoreceptors, and if so, whether it was required autonomously, electroporation of 121 a short hairpin RNA (shRNA) specifically targeting the 3' untranslated region (UTR) 122 of the LDHA transcript was used (Extended Data Fig. 2g ). This strategy was taken, 123
vs. examination of the rods in the Rod--cre/LDHA fl/l, retinae, due to the concern that a 124 reduction in lactate by rods might affect closely associated cell types, such as 125
Mueller glia and/or RPE cells, creating non--autonomous effects on rods. A plasmid 126 encoding this shRNA was delivered to the retina in vivo by electroporation. 127
Electroporation occurs in patches comprising 15--30% of the retina, and in a given 128 patch, only ~20% cells are electroporated (Sui Wang and C. Cepko, unpublished). 129
Thus, plasmid transfection via electroporation allowed us to determine if LDHA has 130 a cell--autonomous role in photoreceptors. The electroporated photoreceptors had 131 markedly reduced OS length when compared to control ( Fig. 1h ,i). Genetic 132 complementation by coelectroporation of a sh--resistant LDHA cDNA that lacks the 133 3'UTR demonstrated that the defect was attributable to LDHA loss--of--function ( Fig.  134 1h,i). To determine if the catalytic activity of Ldha was required for rescue, an allele 135 of LDHA with a point mutation in the catalytic center (LDHA H193>A ) was introduced. 136
It failed to rescue the shRNA phenotype. Finally, expression of LDHB was not 137 sufficient to compensate for LDHA loss--of--function (Extended Data Fig. 2h ). 138 139
The cyclical process of OS shedding and renewal is regulated by light 9 . Since 140
Ldha function is necessary to maintain OS length, we assessed the effect of LDHA 141 knockdown in dark--reared mice and compared with mice raised in normal room 142 light. Electroporated mice were raised with their mothers in normal room light until 143 eyes were open (P11), and then shifted to the dark for 3 weeks. In mice with no 144
LDHA knockdown, there was ~25% increase in OS length after dark rearing 145 compared to light/dark rearing ( Fig. 1j, k) , presumably as a result of less OS 146
shedding. Interestingly, in mice with the LDHA knockdown, dark rearing resulted in 147 loss of the LDHA knockdown phenotype (Fig. 1j, k in fresh, unfixed, adult retinal sections ( Fig.  1l ). SDH/complex II plays a role in the 160 citric acid cycle, as well as in the electron transport chain, and its subunits are 161 encoded by the nucleus. COX or complex IV plays a role in the electron transport 162 chain and has catalytic subunits that are encoded by the mitochondrial genome 163 (mtDNA). SDH activity was not lower in the photoreceptors relative to INL cells. COX 164 activity was high in the photoreceptor layer, even higher than that seen in the other 165 retinal layers. The specificity controls for the histochemical reaction are presented 166
in Extended Data Fig. 2i . Finally, IHC for SDH was carried out. The highest IHC signal 167 was observed in the photoreceptor inner segments (IS), as well as the OPL and IPL 168 synaptic layers ( Fig. 1m ), in good agreement with the observed SDH activity. IHC for 169
another mitochondria--specific enzyme, pyruvate dehydrogenase, showed a similar 170 pattern (Extended Data Fig. 2j ) indicating that these are the sites of maximal 171 mitochondrial densities in the retina. Thus, lactate production by the 172 photoreceptors cannot be attributed to lack of mitochondrial activity. 173 174
Ldha supports glycolysis by providing a ready supply of cytosolic NAD + that 175 is independent of O2 availability and/or mitochondrial function. The phenotype 176 observed following LDHA knockdown might be indicative of a reliance on glycolysis 177
where cells might exhibit a preference for unabated and rapid flux through 178 glycolysis. Alternatively, it could be due to an unidentified role of LDHA in OS 179 maintenance. To understand the extent of photoreceptors' dependence on 180 glycolysis, we designed an experimental strategy that satisfied the following criteria: 181
(1) Does not ablate core glycolytic enzymes in order to avoid pleiotropic effects due 182
to their possible non--glycolytic roles, (2) Targets a glycolytic node such that impact 183 on other biosynthetic pathways, such as Pentose Phosphate Pathway (PPP), would 184 be minimal and (3) Uncovers glycolytic reliance and differentiates it from 185 "housekeeping" glycolysis. Glucose--derived metabolites are committed towards 186 glycolytic flux by the enzyme 6--phosphofructo--1--kinase (PFK1), which catalyzes 187 conversion of fructose--6--phosphate (F6P) to fructose--1,6--bisphosphate (F--1,6--BP) 188
(Extended Data Fig. 3a ). The most potent allosteric activator of PFK1 is fructose--2,6--189 bisphosphate (F--2,6--BP) 25 . F--2,6--BP is synthesized from F6P by the kinase activity of 190 the bifunctional enzyme, 6--phosphofructo--2--kinase/fructose--2,6--bisphosphatase 191 (PFK2) (Extended Data Fig. 3a and 3b ). To examine the glycolytic dependence of 192 photoreceptors, we targeted the steady state levels of the metabolite, F--2,6--BP as it 193 would satisfy the above criteria. 194 195
First we examined expression of PFK2 isoenzymes encoded by PFKFB1--4 196 genes (Extended Data Fig.  3c ). PFKFB3 expression could not be detected. PFKFB1, 2 197 and 4 were expressed in either a photoreceptor--enriched or photoreceptor--specific 198
pattern, suggesting a propensity of these cell types to regulate glycolysis via a PFK2--199 dependent mechanism. 200 201
With the exception of Pfkfb3, all other PFK2 isoenzymes have kinase and 202 phosphatase domains on the same polypeptide 26 (Extended Data Fig. 3b ). In 203
addition to potential problems posed by functional redundancy, genetically ablating 204 the PFK2 isoforms would not uncover the preference for directionality. In addition, 205
the structure--function relationships of their kinase and phosphatase domains are 206 not known. To overcome these problems, we overexpressed TIGAR (TP53--induced 207
glycolysis and apoptosis regulator) as it is functionally similar to the phosphatase 208 domain of PFK2 with well--characterized F--2,6--BPase activity 27 (Extended Data Fig.  209 3b) and hence reduces the steady state levels F--2,6--BP. Overexpression of TIGAR 210 would be predicted to result in reduced glycolysis without negatively affecting 211 PPP 27 . 212 213 We utilized an experimental strategy that addressed the following concerns: 214
(1) The effect should be autonomous to photoreceptors, (2) the phenotype should 215 be induced in fully mature photoreceptors, and (3) the phenotype should 216 discernably be due to perturbations specifically of fructose--2,6--bisphosphate. Our 217 experimental scheme utilized a construct that expressed tamoxifen--inducible Cre 218 only in rods ( Fig.  2a,  b and Extended Data Fig.  3d ). Expression of TIGAR specifically 219 in adult photoreceptors resulted in a significant reduction of OS length ( Fig.  2c,  d ). 220
This phenotype was specifically attributable to the phosphatase activity because 221 expression of a catalytic dead version of Tigar, Tigar--TM (triple mutant, H11>A, 222 E102>A, H198>A) 27 , did not cause a change in the photoreceptor OS length 223
(Extended Data Fig. 3e , f). To ascertain if the phenotype is specifically attributable to 224
Tigar phosphatase's effects on F--2,6--BP, we decided to coexpress PFKFB3--a PFK2 225 isoform that has the kinase activity 700 fold higher than the phosphatase 28 ( Fig. 2a  226 and Extended Data Fig. 3b ). Interestingly, overexpression of PFKFB3 alone did not 227 result in an overt phenotype--the OS length and morphology were indistinguishable 228 from those of the control electroporated retina (Fig. 2c, d ). Overexpression of 229
PFKFB3 was able to rescue the reduction in OS length caused by TIGAR expression 230 ( Fig.  2c,  d ). Together, these data suggest that adult photoreceptors are sensitive to 231 perturbations targeting F--2,6--BP. 232 233
Next, the effects of TIGAR expression on glycolysis were assayed. Though 234 electroporation answers the question of the cell autonomous effect of a 235 perturbation, the total number of affected cells and their percentage in the 236 electroporated area are too minor to determine biochemical contributions. Adeno--237 associated virus (AAV)--mediated transduction of TIGAR into photoreceptors was 238 thus used, as it transduces a greater percentage of cells than electroporation. An 239 AAV construct that drives expression of TIGAR or mGFP from bovine rhodopsin 240 (RHO) promoter specifically in rods was constructed ( Fig.  2e , f and Extended data 241 Fig. 3g ). The AAVs were injected at postnatal day 6 (P6), after the end of cell 242 proliferation, and nearly full retinal infection was seen by indirect ophthalmoscopy 243 at P24--P27. Retinae were harvested at P28 and examined for expression (Extended 244
data Fig. 3h ) and lactate secretion ( Fig. 2g ). Consistent with the idea that Tigar 245 would interfere in allosteric regulation of glycolysis, a significant reduction in 246
retinal lactate was observed in the AAV--TIGAR infected retinae compared to the 247 control AAV--mGFP infected retinae ( Fig. 2g ). 248 249
Given the essential role of LDHA in postmitotic photoreceptors and 250 proliferating cancer cells, other aspects of metabolism that have been discovered in 251 cancer cells, such as the expression of pyruvate kinase isoforms, were investigated. 252
Pyruvate kinase catalyzes the final irreversible reaction of glycolysis and distinct 253 isoenzymes are encoded by two genomic loci, PKM (muscle) and PKLR (liver and red 254 blood cell). PKLR transcripts were not detected in the retina, (data not shown), but 255 M1 and M2 splice isoforms of the PKM gene were detected (Extended Data Fig.  4a ) 256
in line with protein expression data reported earlier 29 . The M2 isoform is known to 257 regulate aerobic glycolysis, promotes lactate production, and is upregulated in many 258 tumors 30,31 . This isoform was previously reported to be expressed in the 259 photoreceptors 29 . We confirmed that there is photoreceptor--enriched expression of 260 PKM2. PKM1, known to be expressed in most differentiated cell types in adults 32 , 261
was expressed in the cells of the INL and ganglion cell layer, as shown by IHC ( Fig.  262 3a), but was not detectable in photoreceptor cells. In this regard, our data differed 263 from the published findings 29 . To address this discrepancy and validate 264 commercially available antibodies, we performed isoform--specific ISH (Fig.  3a) and 265 confirmed the expression pattern that we observed using IHC. We also examined 266 transcript abundance by qPCR in mRNA purified from isolated rod photoreceptor 267 cells (Extended Data  Table  1 ) and found the M1 isoform to be much less abundant 268 than M2 in the photoreceptors. 269 270
Postnatally, PKM1 expression gradually increased, in correlation with 271 increased differentiation and decreased proliferation in the developing retina ( Fig.  272 3b). On the other hand, PKM2 expression was detectable during the period of 273 proliferation and its expression did not decrease with increased differentiation, 274 likely due to retention of expression in differentiated photoreceptors. Previous 275 studies on pyruvate kinase in the context of proliferation have suggested that loss--276 of--function of PKM2 reduces proliferation attributable to the glycolytic reliance of 277 mitotic cells for growth 31, 33 . To assess if PKM2 plays an essential role in rod 278 photoreceptors, an shRNA construct that specifically targeted mouse PKM2 279 (PKM2sh), but spared PKM1 (Extended Data Fig.  4b,  c,  d,  e ), was generated. In vivo 280 electroporation of a plasmid encoding PKM2 shRNA resulted in photoreceptors with 281 significantly shorter OS than control (Figs.  3d,  e ). This phenotype could be rescued 282 by coelectroporation of a construct encoding human PKM2 cDNA (Fig.  3c,  d) , which 283
was not targeted by the shRNA (Extended Data Fig. 4f ). Coelectroporation of mouse 284 PKM1 with PKM2sh did not rescue the OS length defect (Figs. 3c, d) . These data 285 demonstrate that PKM1 and PKM2 play nonequivalent roles in rod photoreceptors. 286 We also generated an shRNA construct that targeted exon 4, which is shared 287 between mouse PKM1 and PKM2 (PKM1+2 sh) (Extended Data Fig. 4c, d) . 288
Electroporation of this construct resulted in a significant decrease in the OS length 289
(Extended Data Fig. 4g ). The photoreceptor morphology and OS length were the 290 same as that observed following electroporation with PKM2sh. While 291 complementation with human PKM2 was sufficient to rescue the IS+OS length 292 defect, we noted some abnormalities with the morphology of some of the 293 photoreceptor IS/OS (Extended Data Fig.  4g ). In 4/6 retinae, many photoreceptors 294 lacked clear borders of IS and OS, though in 2/6 retinae, the morphology closely 295
resembled that of control retinae (Extended Data Fig. 4g ). 296 297
The contribution of PKM2 to OS maintenance was further investigated in the 298 retinae of dark--reared mice electroporated with PKM2sh ( Fig. 3e ). Dark rearing 299 significantly increased OS length in these animals (Fig. 3f ). Taken together, the 300 results from dark--reared animals, in which LDHA or PKM2 was knocked down, 301
indicate the requirement for the glycolytic pathway in OS maintenance. Since two 302 different genes that promote aerobic glycolysis are necessary for the light--303 dependent maintenance of OS, the short OS phenotype is likely due to a reduced 304 supply of the building blocks normally supplied by aerobic glycolysis. 305 306
In order to probe the biochemical effects of PKM2 reduction, lactate 307 production was examined. Since electroporated retinae are not ideal for these 308 experiments, mice that had a conditional deletion of PKM2 in rods were used. The 309 PKM2 fl/fl mouse strain, in which a M2--specific allele was floxed 33 , was crossed with 310
the Rod--cre strain. The retinae with deficiency of PKM2 had a small but significant 311 decrease in lactate production, as compared to the controls (Fig. 3g ). We also noted 312 upregulation of PKM1 in these retinae (Extended Data Fig.  4h ) similar to what has 313 been reported before 33 . However, in rods electroporated with PHM2sh, PKM1 314 expression was not observed (Extended Data Fig. 4i ). The presence of the M1--315 specific exon in the mRNA might reflect a choice made by the splicing machinery 316 after genomic excision of the "preferred" M2--specific exon. This suggestion is made, 317 since a compensatory mechanism would likely have caused PKM1 upregulation 318 after shRNA--mediated knockdown of the PKM2 isoform. 319 320
The differential expression of the M1 and M2 isoforms in the retinal layers 321 could be attributable to the differential expression of splicing factors that promote 322 inclusion or exclusion of the M1--or M2--specific exon. To evaluate this possibility, 323 we examined the expression of SRSF3, a splicing factor known to promote inclusion 324 of the M2 exon 34 , and PTBP1, known to repress the M1 exon inclusion 35 (Extended 325 Data Fig.  5 ). While SRSF3 was expressed at higher levels in photoreceptors, PTBP1 326 was more enriched in the INL. Thus the regulation of PKM isoform preferences in 327
retina is more complex than that predicted by canonical splicing models. 328 329 PKM1 is constitutively active while PKM2 is regulatable 36 . Biased expression 330 of PKM2 in photoreceptors suggests that these cells may need to dynamically 331 regulate glycolysis. The inability of PKM1 to rescue PKM2 loss--of--function indicates 332 that merely replacing pyruvate kinase (PK) function after PKM2 knockdown is not 333 sufficient to restore the OS. In addition, it indicates the importance of glycolytic 334 regulation at the PK step in photoreceptors. We examined the effect of forced 335 expression of PKM1 in the presence of endogenous PKM2, with the hypothesis that 336 the constitutively active isoform might interfere at the regulatory step. We delivered 337 plasmids encoding FLAG--tagged mouse PKM1 and PKM2 via in vivo electroporation 338 ( Fig.  3h ). Photoreceptors electroporated with PKM1--expressing constructs, but not 339 PKM2 expressing constructs, had a reduction in the length of the OS (Figs. 3h, i) with 340 the majority of the photoreceptors in the PKM1 electroporated retinae lacking 341 discernable OS. The two proteins were expressed at equivalent levels, as assessed 342 by western blotting for the FLAG epitope in HEK293T cells (Extended Data Fig. 4j ). 343 344 PKM2 has been shown to interact with tyrosine phosphorylated proteins 30 345 and is tyrosine phosphorylated at position 105 (pY 105 ) in tumor cells 37 leading to 346 promotion of aerobic glycolysis. The pY 105 is a shared epitope in PKM1 and PKM2 347 (Fig.  4a ). PKM2 was specifically immunoprecipitated from retinal lysates, followed 348 by immunoblotting using a phospho--Y 105 --specific antibody (Fig. 4b) . We observed 349 that PKM2 was phosphorylated at Y 105 . In order to ascertain if phosphorylation of 350 PKM2 at this site might have any physiological significance, its regulation by light 351 was examined. PKM2 was immunoprecipitated from the retinae of mice at 3--hour 352
intervals during a 24--hour time course, and phosphorylation at Y 105 was probed 353 (Fig. 4c) observed that treatment with either PD173074 or TK1258 also resulted in a dose--365 dependent decrease in Ldha phosphorylation at the Y 10 residue (Fig.  4e) . Thus, FGF 366 signaling potentially targets multiple nodes in order to regulate aerobic glycolysis in 367 the retina. 368 369
To determine if FGF signaling might regulate lactate production, freshly 370 explanted retinae were cultured with TKI258 or PD173074, and lactate secretion 371 was measured. Significantly reduced lactate secretion (Fig. 4f ) was seen to result 372 from inclusion of either drug. In addition, inhibition of the FGF pathway resulted in 373 increased mitochondrial dependence on ATP steady state maintenance (Fig. 4g ). 374
Thus one role for FGF signaling in the adult retina is to promote glycolytic reliance. 375 FGF signaling is required for the maintenance of adult photoreceptors in mice and 376 zebrafish 39-41 . Since it is possible that some of the effects are via regulation of 377 aerobic glycolysis, we examined whether aerobic glycolysis promotes anabolism in 378 the retina. Inhibition of aerobic glycolysis by oxamate treatment or by FGF 379 inhibition resulted in significantly lower steady state NADPH levels--a key cofactor in 380 biosynthetic pathways for lipids, antioxidant responses, and the visual cycle (Fig.  381  4h) . We also observed that interference with aerobic glycolysis did not result in an 382 equivalent reduction in NADP + steady state levels (Fig.  4i ). The lowering of NADPH 383 level could be attributable to attenuation of the PPP--shunt as a result of decreased 384 glycolytic flux and/or increased usage of NADPH to quench the reactive oxygen 385 species--an unavoidable consequence of increased mitochondrial dependence. We 386 also assessed other effects on cellular anabolism. Impact of glycolytic perturbation 387 on nucleotide availability was directly visualized by examining nascent RNA 388 synthesis using ethynyl uridine (EU) incorporation. Marked reduction in nascent 389
RNA synthesis was evident following inhibition of Ldh or FGF signaling (Fig. 4i ). 390 391
Among the large family of FGFs, basic FGF (bFGF/FGF2) has been the most 392 studied in the adult retina. In adult mice and primates, FGF2 is localized to a matrix 393 surrounding photoreceptors and/or is found on their OS 42-44 . The RPE might 394 contribute to a high FGF2 concentration near photoreceptors via biosynthesis, 395
and/or create a barrier to its diffusion from a retinal source. We first examined the 396 role of the RPE in FGF--signaling. Adult retinal explants were cultured with the 397 RPE/choroid/sclera complex, and expression of FGF target genes in the neural 398
retina was compared with that of explants cultured without the attached complex. 399
In the absence of this complex, the transcripts of known FGF signaling targets 400 displayed reduced steady state levels (Fig. 4j ). To assess if the reduction in FGF 401 targets was part of a general transcription downregulation or specifically due to 402 dampened FGF signaling, we examined expression of XLRS1 or cone arrestin 403 (MCAR), genes expressed at moderate levels in the retina 45 (Fig. 4j ). These genes 404
were not downregulated in the absence of the RPE complex. 405 406
The effect of the RPE complex on aerobic glycolysis was analyzed by 407 quantifying lactate production ( Fig.  4k ). Culturing retina in the presence of the RPE 408 complex resulted in a small, but significant, increase in the ability to produce lactate. 409
Addition of FGF2 in the culture medium was sufficient to increase lactate production 410 from explants cultured without the RPE. Together these data suggest that the 411 RPE/choroid/sclera complex contributes to FGF signaling in the neural retina and 412 that this signaling pathway plays a role in regulating AG. 413 414 Several reports suggest that aerobic glycolysis is a feature of some normal 415 proliferating somatic cells 20,46,47 , and not just of cancer cells. Our work expands the 416 cell types where aerobic glycolysis can occur to include a mature cell type, the 417 differentiated photoreceptor cell. A critical aspect of aerobic glycolysis is its ability 418 to be regulated. The data presented here suggest that allostery and FGF signaling 419 are the regulatory mechanisms in the retina. We favor a model where Aerobic 420 glycolysis appears to be relevant to photoreceptors not only for organelle 421 maintenance, but likely also helps photoreceptors meet their multiple metabolic 422 demands (Extended Data Fig. 6 ). 423 424
Aerobic glycolysis in the retina may have implications for blinding disorders. 425
Studies on retinal degenerative disorders indicate that there are metabolic 426 underpinnings to photoreceptor dysfunction, especially those centering around 427 glucose uptake and metabolism 48, 49 . Furthermore, reducing metabolic stress 428 prolongs survival and improves the function of photoreceptors 50,51 . In such treated 429 retinae, there is a trend towards upregulation of glycolytic genes 51 or metabolites 52 . 430
However, a direct cause--and--effect relationship between cell survival and glycolysis 431
has not been established. 
Figure 1
LDHA--dependent aerobic glycolysis and outer segment maintenance in photoreceptors a. Freshly explanted retinas were treated with the Ldh inhibitor, sodium oxamate, for 8 h, transferred to Krebs' Ringers for 30', and lactate was measured in the supernatant. Control (n=4), Oxamate (n=5). b. Freshly explanted retinas were treated with oxamate or NaCl (control) in medium for 8 h, followed by treatment with NaN3 or NaCl (untreated group) in Krebs' Ringers medium for 30 minutes. ATP per retina was then measured. n=7, Control untreated; n=8, Oxamate untreated n=8, Control NaN3; n=8, Oxamate NaN3. c, Expression of LDHA and LDHB as determined by IHC. Glutamine synthetase (GS), a Mueller glia--specific marker, colocalized with LDHB in the cell bodies (arrowheads), processes ensheathing the photoreceptors (arrows) and the outer limiting membrane (OLM, *). Scale bar, 50 µm. d, ISH for LDHA and LDHB. LDHA RNA displayed photoreceptor--enriched expression while LDHB RNA was not observed in photoreceptors. Scale bar, 100 µm. e,f Freshly explanted retinas were treated with FX11 or DMSO for 8 hours and transferred to Krebs' Ringers for 30 minutes and secreted lactate was measured (e), or they were transferred to Krebs' Ringers buffer with NaN3 or NaCl (untreated group) for 30 minutes for ATP quantitation (f). ATP per retina was measured at the end of the assay. n=8, DMSO untreated; n=8, FX11 untreated; n=9, DMSO NaN3; n=7, FX11 NaN3. g, Freshly explanted retinae were transferred to Krebs' Ringers for 30 minutes and secreted lactate was measured. n=8, Bl6/J; n=8, LDHA fl/fl ; n=8, Rod--cre; n=16, Rod--cre> LDHA fl/fl ; n= 8, Rod--cre> LDHA fl/fl . h, Photoreceptor outer segment phenotype 42--45 days following in vivo electroporation of a knock--down construct (shRNA) for LDHA. CAG--mGFP was used for coelectroporation. Plasmid combinations listed on the left. Magnification of areas outlined in yellow is displayed on right with threshold--adjusted rendering to highlight inner and outer segments. Scale bar, 25 µm. i, Quantification of inner+outer segment (IS+OS) lengths. n= 53--74 photoreceptors, 4--5 retinae. j, Photoreceptor outer segment phenotype of dark-reared animals. Electroporated pups were transferred to dark on the day of eye opening (P11) and reared with their mothers for 3 weeks. k, Quantification of inner+outer segment lengths of (j). n= 53--83 photoreceptors, 4--5 retinae. l, Colored end products of redox reactions catalyzed by COX and SDH enzymes in retinal tissue. Scale bar, 200 µm. m, IHC for SDH--A subunit in adult retina. Scale bar, 200 µm. ONL, outer nuclear layer. INL, inner nuclear layer. Data, Mean±SD. Statistics, unpaired, two--tailed t--test with Kolmogorov--Smirnov correction for panels a, e; two--way ANOVA with Tukey's correction for panels b, f and k; one--way ANOVA with Tukey's multiple comparison test for panels g, i.
Figure 2.
Targeting allostery reveals glycolytic reliance for outer segment maintenance. a, Constructs for spatio--temporal control of expression of TIGAR and PFKFB3. DsRed used as the cre reporter, mGFP as a coelectroporation marker. b, Scheme for electroporation and tamoxifen induction. i.p, Intraperitoneal. c,d, IS+OS length were measured following introduction of TIGAR (n=72 cells), PFKB3 (n=72 cells), and TIGAR and PFKFB3 constructs (n=78), shown in (a).. Controls were --tamoxifen (n=62) and +tamoxifen (n= 74). Scale bar, 50 µm. Data are Mean±SD. One--way ANOVA with Tukey's correction. Outlined areas magnified to show IS and OS morphology. e, AAV genomes for expression of mGFP (AAV--mGFP) or TIGAR (AAV--TIGAR). f, Cross sections of AAV--mGFP or AAV--TIGAR infected retinae harvested at P28 imaged for mGFP expression. g, Intracellular lactate normalized for total protein was quantified for retinae infected with AAV--mGFP (Control) or AAV--mGFP + AAV--TIGAR. Data represented as percentages relative to age--matched, freshly isolated retinae. Data, Mean±SD. Unpaired, two--tailed t--test with Kolmogorov--Smirnov correction for non--Gaussian distribution. ONL, outer nuclear layer.
